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ABSTRACT 
MARY CLAIRE HARVEY: Purkinje Cell Layer Morphology and Display Complexity in 
Manakins 
(Under the direction of Dr. Lainy Day) 
 
Manakins are a suboscine, lekking bird of the tropical and subtropical regions of 
South and Central America that perform complex mating displays shaped by sexual 
selection. The complexity of the mating display varies greatly across species of 
manakins. Some manakins only perform a limited number of different motor elements, 
whereas others have elaborate displays that consist of acrobatic movements and 
mechanical sound production. The complexity of these displays has been found to be 
positively related to brain weight, brain volume, arcopallium volume, body weight, and 
tarsus size but shows no relationship to the nucleus rotundus or nucleus taeniae. The 
volume of the cerebellum is also positively related to display complexity.  The 
cerebellum is a neural structure that functions in coordinating motor control and motor 
learning. The cerebellum is made up of the cerebellar cortex and the deep cerebellar 
nuclei. The cerebellar cortex is divided into major layers: the molecular layer, granular 
cell layer, and Purkinje cell layer. Cells within these layers are homogeneously 
distributed across the cerebellum and perform distinct functions in cerebellar signal 
processing. We hypothesized that the output cells of the cerebellum, the Purkinje cells, 
may play a prominent role in driving the positive relationship between overall cerebellar 
volume and display complexity. We quantified Purkinje cell number and cell volume in 6 
manakin species, and Purkinje cell layer volume in 12 species of manakins and used  the 
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closely related ochre-bellied flycatcher as an outgroup. We found a positive relationship 
between Purkinje cell number and display complexity within manakins upon exclusion of 
the flycatcher outgroup. Neither Purkinje cell layer volume nor cell volume was related to 
display complexity. Purkinje layer data was analyzed alone and in the context of a larger 
data set showing other brain region and body size measurements that are positively 
associated with display complexity in these individuals. Results are discussed in this 
context as well as in relationship to Purkinje cell and cerebellar function.  
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Background 
Across the animal kingdom, different behaviors have shown to be a catalyst for 
evolutionary adaptations in neural morphology. This relationship between behavior and 
neural morphology is seen in Manakins (Pipridae), small suboscine passerine birds that 
reside in the American tropics. Many species of manakins depend on the execution of an 
elaborate courtship display for mating success. The manakin mating display is a lekking 
display where males gather in a display space to compete for attention of onlooking 
females (Duval, 2007, Prum, 1994). The dependence on the complexity and speed of this 
display for male mating success has been observed in select manakin species (Barske et 
al., 2011; Schlinger et al., 2013). The display can consist of hopping between branches, 
acrobatic flips, and production of mechanical sounds such as those made by the wings, 
called wing snaps (Day et al., 2014, Prum, 1994; Schlinger et al., 2013, Chapman, 1935). 
The degree of display complexity varies across manakin species, with some species 
having few display elements and others having many highly acrobatic elements. In the 
species we observed with the lowest number of display elements, the black manakin 
(Xenopipo atronitens), the display consists of a backflip and few additional movements, 
whereas in the species with the highest number of display elements, the golden-collared 
manakin (Manacus vitellinus), the display consists of multiple coordinated movements 
such as somersaults, hops, snap jumps, and a variety of other acrobatics (See figure 1 and 
table 2) (Chapman, 1935; Prum, 1998; Lindsay et al., 2015). Among manakin species, 
display complexity increases with the volume of the cerebellum (Pano, 2015). 
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 In all vertebrates, the cerebellum (CB) is a neural component of the hindbrain 
that is critical for posture and balance as well as the learning and production of smooth 
coordinated motion (Thach, et al., 1992). The cerebellum is composed of the cerebellar 
cortex and deep cerebellar nuclei. The cerebellar cortex is divided into recognizable 
structures called folia and made up of three layers: the molecular layer, the Purkinje cell 
layer, and the granular layer. The Purkinje cell layer consists of large cells that form a 
single line at the convergence of the molecular and granular cell layer (Goldowitz et al., 
1998, Voogd et al., 1998). The Purkinje cells serve as the sole output of the cerebellar 
cortex. The dendritic tree of Purkinje cells is greatly branched, extends into the molecular 
layer of the cerebellar cortex, and receives two types of excitatory input: mossy fibers 
and climbing fibers. Mossy fibers carry information that has come from sensory receptors 
and synapse with granule cells that then send signals to Purkinje cells via parallel fibers. 
One Purkinje cell can receive signals from 80,000 parallel fibers (Konnerth et al., 1990). 
The other excitatory input of Purkinje cells comes from climbing fibers that have a ratio 
of one or two climbing fibers synapsing with each Purkinje cell (Devi et al., 2016). The 
Purkinje cell axons then extend through the granule-cell layer to synapse with deep 
cerebellar nuclei and vestibular nuclei (Butler et al.,1996, Camilli et al., 1984).  Deep 
cerebellar nuclei then project to motor nuclei and various other brain regions (Sugihara, 
2010) that influence motor control. 
 Evolutionary neural specializations to accomplish tasks necessary for survival 
have been seen widely across vertebrates. In food-storing birds that require increased 
spatial awareness, the hippocampus, a region that plays a role in spatial memory, has 
shown an increase in size when compared to birds that do not require as much spatial 
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awareness (Sherry, 2010, Clayton, 1998). Neural specialization has also been seen in nest 
building birds. Birds that build complex nests, a task that requires manipulative motor 
skills, show greater cerebellar foliation than birds that build simpler nests (Hall et al., 
2013). 
 Neural adaptations have also been seen as a result of sexual selection for specific 
behaviors. In songbirds, sexual selection has impacted vocal song production (Marshall 
et. al, 2003). Zebra Finches, a songbird in which only the males produce songs, show 
great neural sexual dimorphism. Three neural components of the song control pathway, 
the hyperstriatum ventrale, the robust nucleus of the archistriatum, and the hypoglossal 
nucleus of medulla, have shown to have a strikingly larger volume in males than females 
(Nottehbohm et al., 1976). Neural adaptations have also been seen in non-songbirds. 
Bowerbirds are birds that construct bowers, or display sites, to attract females (Marshall, 
1954).  Bowerbird mating success is dependent on the complexity and composition of a 
bower constructed by the male bird (Borgia, 1992; Madden, 2003). A strong positive 
relationship between bower complexity and cerebellar size has been found, and it is 
believed that this positive relationship is due to the role of the cerebellum in some aspect 
of the display (Day et al., 2004).  
Manakins, however, are of particular interest because they are subject to sexual 
selection based on a motorically demanding non-vocal physical display and mechanical 
sound production (Prum, 1998). Studying the manakins’ complex non-vocal motor 
displays is likely to lead to better understanding of the neural morphology and neural 
pathways that are pertinent to the production of mechanical displays.   
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The manakin courtship display has been found to have various neural 
components. Thus far, we already know that neural and physical specializations have 
been seen in both male and female manakins- females show specialized visual processing 
centers and males show specialization in motor control circuitry (Day et al., 2011). 
Across the manakin species, a positive relationship between courtship display complexity 
and whole brain weight, arcopallium size, and cerebellar volume has been found (Lindsay 
et al. 2015; Helmhout, 2016; Pano, 2015), as well as body weight and tarsus size (Day et 
al., 2016). The arcopallium, a brain region within the avian brain associated with limbic 
functions of emotion, memory, and motivation (Reiner et al., 2004; Yamamoto et al., 
2005) has also been found to have a positive relationship with display complexity. No 
relationship was found between nucleus taeniae, a nucleus in the arcopallium that is 
associated with limbic functions (Reiner et al., 2004) or nucleus rotundus, a visual 
information processing center (Acerbo et al, 2003), and display complexity (Helmhout, 
2016). 
Our study aims to observe and quantify the relationship between Purkinje cell 
morphology and display complexity. We previously found that cerebellar volume 
increases with display complexity in manakins (Pano, 2015); to determine if this 
relationship is driven by homogenous increases in cerebellar layers and cell types or by 
mosaic evolution, we have measured the Purkinje cell layer volume and Purkinje cell 
volume, and the number of Purkinje cells. We expected to find that at least one aspect of 
Purkinje cell morphology is positively related to display complexity, which would allow 
us to determine if mosaic evolution is involved in cerebellar volume increases. Our 
studies are among the first to find brain traits correlated with a sexually selected non-
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vocal motor behavior in avians, and studying the Purkinje cell morphology will provide 
an interesting outlook into the pertinence of cerebellar output in manakin display 
production.  
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Materials and Methods 
 
 
Sample collection and tissue preparation 
Brains were collected from 12 species within the Pipridae family, and one species 
in the family Tyrannidae, which was included as an outgroup. This species, the ochre-
bellied flycatcher (Mionectes oleagineus), is a suboscine bird and, like Pipridae, belongs 
to the suborder Tyranni within the Passerine order, performs a courtship display on a lek 
(Westcott, 1994) and has a similar diet of small fruits collected by foraging (Marini, 
1992; Snow, et. al. 1979).  For all 13 species, we measured Purkinje cell layer volume 
(PCLvol) for 3 individuals, except for Corapipo gutteralis, for which we measured 2 
individuals for a total of 38 males.  We measured Purkinje cell volume (PCvol) and cell 
number (PCnum) estimates for 9 individuals representing 6 species. See table 1 for 
samples sizes used for measurements.  
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Table 1: Sample sizes per species for measurements 
Species  PC cell count & volume  PC layer volume 
 
Chiroxiphia lanceolata  3 
Chiroxiphia pareola  3 
Corapipo altera 1 3 
Corapipo gutturalis  2 
Dixiphia pipra 1 3 
Lepidothrix coronata  3 
Lepidothrix suavissima  2 
Manacus candei  3 
Manacus vitellinus 2 3 
Ceratopipra cornuto  3 
Ceratopipra mentalis 1 3 
Xenopipo atronitens 2 3 
Mionectes oleagineus 1 3 
  
 
Birds were collected in Panama and Guyana between January and August during 
each species’ breeding season in either 2012 or 2013. Exact locations for collected sites 
can be found in Lindsay et al. (2015). For brain extraction, birds were overdosed with 
isoflurane gas, and perfused transcardially with 30 mLs of 0.1M phosphate-buffered 
saline followed by 40 mLs of 10% neutral-buffered formalin at 3mL/min. Brains were 
placed in NBF for 24 hours and then cryoprotected in 20% (w/v) sucrose in phosphate-
buffered saline until they sank. Brains were then transferred to cold phosphate-buffered 
saline for 1-4 days and then placed in a gel block (8% w/v gelatin and 16% w/v sucrose 
in RO-H2O.  The gel block was placed in NBF for 24 hours and cryoprotected in 30% 
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w/v sucrose until it sank, and brains were finally frozen on dry ice and stored in a -80 
freezer in the country of origin until transferred to a -80 °C freezer at the University of 
Mississippi. Brains were cut at 30 microns in the sagittal plane using a cryostat, and 
every third slice was mounted on a slide. Slides were stained with cresyl violet to allow 
visualization of nissl bodies and cell nuclei.  
 
Ethics Statement 
Panama collections were made with approval from the Smithsonian Tropical 
Research Institute’s Institutional Animal Care and Use Committee, the Autoridad 
Nacional del Ambiente, and the Autoridad del Canal de Panamá. Birds collected from 
Guyana were done so with the approval of the Guyana Environmental Protection Agency. 
Work done on tribal lands was done with the approval of Guyana Ministry of Amerindian 
Affairs. All collections and sampling procedures were approved by the Institutional 
Animal Care and Use Committee of the University of Mississippi.  
 
Display Complexity 
In the 13 studied species, a total of 40 different display elements were identified 
from previously published ethograms (Prum, 1990; Chapman, 1935; Prum, 1994; Prum 
1998; DuVal, 2007, Bostwick, 2003; Duraes et. al, 2007) and our own observations aided 
by the use of high-speed and high definition cameras to capture footage of movement. 
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Table 2: Components of display complexity score 
Species Displays Cooperation Arena Mechanical Complexity 
M. vitellinus 10 1 3 9 24 
M. candei 9 1 3 9 23 
C. mentalis 8 1 1 10 21 
C. cornuta 8 1 1 6 17 
C. Lanceolata 12 2 1 5 21 
C. pareola 9 2 1 6 19 
L. suavissima 9 2 2 5 19 
L. coronata 11 2 2 0 16 
C. altera 9 0 1 4 15 
C. gutturalis 8 0 1 4 14 
D. pipra 12 0 1 0 14 
X. atronitens 3 0 1 7 12 
M. oleagineus 7 0 0 0 8 
Table 2: Table and table legend modified with permission (Lindsay et al., 2015,S. Karger, 
Basel.  The complexity score is the sum of: (1) unique display elements: 40 possible 
discrete display traits (2) cooperation: 0 = none, 1 = simple (males display at the same 
time but not in concert), 2 = complex (the male display is coordinated) (3) display arena 
type: 1 = one or more horizontal perches or a fallen log, 2 = a loosely organized court 
near the ground composed of a few horizontal and vertical perches but without cleared 
ground, 3 = a true court with a cleared display arena, and (4) mechanical sound 
production: total repertoire (0–5), pulse type: 1 = single, 2 = single and multiple pulses, 
where sounds are produced: 1 = perched, 2 = in flight, 3 = perched and in flight. 
 
 Display complexity scores are the sum of these display elements and points for 
level of cooperation and types and number of mechanical sounds produced (Lindsay et 
al., 2015; Helmhout, 2016). Examples of postural display elements include bill-pointing, 
upright-body, chin-down, and horizontal posture. Dynamic display elements include the 
bow, rolling snap, leapfrog, and frenzied-flutter display (Prum, 1990; Lindsay et al. 
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2015). Up to five points were assigned based on the presence of distinct mechanical 
sound productions and whether these were produced during other movements. To ensure 
display complexity scores were unbiased, displays were scored in isolated settings by two 
separate scorers, with a satisfactory inter-rater rating (r=0.899; p= <0.001) (Lindsay, 
2011; Helmhout, 2015). 
 
 
Figure 1: Figure and figure legend are modified from Lindsay, et. al 2015 and reused 
with permission from S. Karger AG, Basel.  Manakin displays and phylogenetic 
relationships, with one species per genus illustrated and similarities to congeners noted. 
a) X. atronitens: a male performs a backflip including a wingsnap sonation. b) C. 
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lanceolata: two males cooperatively perform a ‘cart wheel’ display in which each male 
flutters backwards over their partner, lands and hops up to take the other’s place; only 
one male mates. The C. pareola display is similar. c) C. altera: a male performs an 
‘above-the-canopy flight’ followed by a plummeting ‘log approach’ with wing sonation; 
the male lands on the ‘gardened’ display log and performs a rapid ‘about face’. The C. 
gutturalis display is similar, with the addition of exposed throat ruff and white wing 
patches. d) L. coronata: a male performs swooping ‘butterfly’ or ‘frenzied’ flights 
between perches, with an aerial turn to land facing the opposite direction; sometimes 
males ‘bow’ or perform an about-face pivot. The L. suavissima display is similar, with 
the addition of wing sonations and a ‘slide- down’ display performed on a vertical 
sapling. e) M. vitellinus: a male hops or flips between saplings and the ground on a 
cleared arena, loudly snapping his wings, lands with ‘beard out’, slides down a twig and 
produces a ‘grunt’ with the wings prior to copulation. Inset ‘Rollsnap’; a series of rapid 
wing snaps are performed perched. The M. candei display is similar. f) P. mentalis: a 
male swoops to a perch in an ‘S’ flight, quivers his tail and performs a ‘moonwalk’ by 
taking tiny backward hops, sometimes pivoting to moonwalk in the opposite direction. 
sometimes pivoting to moonwalk in a new direction. The P. cornuta display is similar, 
with a moonwalk performed by the execution of tiny backwards steps rather than hops. g) 
D. pipra: a male performs rapid jumps forwards and backwards on the display perch, and 
rapid ‘to-and-fro flights’ between perches. h) M. oleagineus: a male performs a simple 
display with frequent single wing lifts or ‘flicks’, ‘hops’ between perches and produces 
undulating flights similar to manakin butterfly flights. 
      
Purkinje Layer Measurements 
Using Stereologer software (Stereologer Resource Center, Inc., St. Petersburg, 
Florida, USA) we obtained unbiased estimates (Mouton, 2011) of Purkinje cell layer 
volume, Purkinje cell number, and cell volume. Live imaging of the Nissl stained brain 
sections were obtained via an imi-tech IMC-3145FT camera (Carl Zeiss, Inc., 
Thornwood, N.Y., USA) attached to either an upright Zeiss Axio Imager M1or a Zeiss 
Stemi 2000-CS stereo microscope. We measured the Purkinje cell layer using the 1.25x 
objective on either the stereoscope or the upright microscope. We used 100x oil objective 
to identify cells and quantify section thickness. The final magnification factor for 
Stereologer calculations is determined by calibrating each objective to the dimensions of 
the image projected on the monitor, it is approximately 10 times the objective 
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magnification as the phototube magnifies 10x; 12.5x for regions and 1000x for cells and 
slice thickness. 
We measured each CB trait in one hemi-cerebellum, starting from the most lateral 
section containing the cerebellum and continuing to the midsagittal section. Previously, 
we found no difference in the volume of left and right cerebellar volumes. In our 
sampling, we selected the left or right hemi-cerebellum based on which side had the best 
histology, while also attempting to balance left and right samples across species and 
individuals (Left=23, Right=15). We sampled 10-15 brain sections per individual (more 
samples for larger brains) at sampling intervals of 270-450 µm apart.  
For all three measurements, the cerebellum was projected onto the monitor using 
the 1.25x objective.  Stereologer then overlays a point grid on the image of the section 
(See Fig. 2).  The initial grid shows the sample locations for cell counts and cell volume 
measurements as designated by your selection of distance between sampling frames 
(100µm). On this grid, we identified the Purkinje cell layer as the region of interest (ROI) 
by outlining the layer. A second grid, with the area per point from 89787.27µm - 
94445.21637µm (more points for fewer sections) was used to estimate Purkinje cell layer 
volume using the Cavalieri point counting method (Mouton, 2011). For point counting, 
the number of points that fall within the PC layer are used to estimate the area of the 
Purkinje cell layer. To estimate volume, the thickness of each slice is also 
measured. Because measurements are performed after staining processes are completed, 
shrinkage creates variation between the thickness setting used to slice the tissue and the 
actual thickness of the measured slice (Mouton, 2011). Section thickness was measured 
using the Zeiss M1, by calculating the change in the Z-axis from the first cells to come in 
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focus to the last cells to come in in focus. The volume of the Purkinje cell layer (Vref) in 
each section was calculated using the formula:  
Vref= (k x t) x 𝚺P x [a(p)/M2] 
where k= sampling interval, t= average section thickness, and 𝚺P is the sum of the points 
counted, a(p) is area per point (a=area, p=the number of points within that area), and M is 
the magnification (Mouton, 2011). M is determined by the magnification calibrations.   
  
 
Figure 2: Low power image of cerebellum with overlying point grid for Cavalieri 
estimates. Grid Points that contact the Purkinje cell layer were selected to be part of the 
region of interest and indicated by green coloration.  
 
 We estimated total cell number using the optical fractionator. Stereologer moves 
the stage to each sampling location in your ROI and lays a frame with “exclusion lines” 
over the image (see figure 3; Mouton, 2011).  All cells that appear as you focus through 
the Z-axis that fall do not touch the exclusion lines are counted.  Section thickness is 
measured as for PCLvol. The total cell number is estimated (Nobj) with the equation: 
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Nobj=𝚺Q x 1/SSF x 1/ ASF x 1/ TSF 
where 𝚺Q is the sum of cells counted, SSF is the section sampling fraction (number of 
sections sampled/total number of sections in region of interest), ASF is the area sampling 
fraction (area of the counting frame/ area of monitor viewing window), and TSH is the 
thickness sampling fraction (height of the sample/ total section thickness) (Mouton, 
2011). When setting the thickness of your section, a guard area at the top at the bottom of 
the section is not measured to ensure only whole cells are counted, the section thickness 
minus this guard area is your sample height. The total area sampled and the total number 
of sections in the reference space is dependent on the amount of grid points selected to be 
within the region of interest at 1.25x magnification.  
 
Figure 3: Example of frame with Lines of Inclusion and Exclusion at 100x oil 
immersion magnification. Any cells outside of or touching red (left) lines were excluded 
from counts and measurements, while cells within the box or making contact with the 
green lines (right) were included in counts and measurements.  
 
We quantified Purkinje cell volume using isotropic rotator method for thin tissue 
sections (30µm and less). The Isotropic Rotator method estimates cell volume by placing 
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line at a random angle on a cell, the user then defines the length of the cell by marking 
the top and bottom of the cell intersecting these points. Three lines perpendicular to the 
first then appear and the points of intersection along the lines are marked to estimate cell 
perimeter. Cell volume is calculated using the formula:  
Vobj = (4𝝥 x mean l3/3) 
Where l = the length of the cell and the number of grid lines used for measurement.  
 
Sampling Parameters 
To obtain coefficient of error (CE) values of 0.052 (PCLvol), 0.219 (PCnum), and 
0.037 (PCvol), we sampled 10-15 brain sections per individual (more samples for larger 
brains) at sampling intervals of 270-450µm apart with area per point calibrated for the 
1.25x objective for each scope varying from 89787.27µm - 94445.21637µm (more points 
for fewer sections) and counted 1145 number cells with counting frames for cell counts 
and cell volumes spaced at 1000µm. (Marcos, 2012). The coefficient of error is a 
statistical value that accounts for biological variability and variance between 
measurements, providing a quantitative likelihood that a measurement can be repeated 
(Mouton, 2011). 
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Figure 4: Isotropic Rotator probe used to measure volume of Purkinje cells. Red and 
green lines represent lines of inclusion and exclusion. Probe lines are placed at random 
angles and used to measure the length and size of cell by marking the points on the probe 
line that fall on the perimeter of the cell.  
 
Statistical Analysis 
Allometric Scaling  
Because brain regions are assumed to grow in scale with one another, and because 
larger animals are known to have larger brains, standard practice would call for using 
marginal means (Day et. al, 2016) or residual analysis (Gutierrez-Ibanez, et al., 2016) to 
statistically adjust the size of the Purkinje cell layer volume for body mass or for the size 
of the region in which it is contained, either cerebellar volume minus Purkinje cell layer 
volume (CBvol-PCLvol) or whole brain volume minus Purkinje cell layer volume 
(WBvol-PCLvol). However, exactly which statistical method should be used for these 
adjustments has long been debated (Darlington, et al., 2001) and recently, several authors 
have called the entire practice of adjustment into question (Day, et al., 2016).  In addition, 
our data set offers special challenges as each of the mathematical models assume 
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independent variation between display complexity and features used to adjust for 
variation in animal size, CB-PCLvol, and body mass. In our data set, we already know 
that several neuroanatomical features, and quite uniquely in the literature, body mass are 
positively associated with display complexity (Lindsay, et al. 2015; Pano, 2015; Day et 
al., 2016, Helmhout, 2016). To preempt concerns of the ongoing scaling debate, we 
examined PCLvol using both residual analysis and marginal means analysis. We 
examined correlations of log-transformed body mass (g), log-transformed volumes of 
neuroanatomical features (µ3, measured in previous studies) (Day, et al. 2016; Helmhout, 
2016; Pano, 2015) and display complexity to determine if any variables not associated 
with display complexity were correlated with PCLvol and could be used to adjust for 
allometry (see table 3). Only nucleus taeniae (NTn) was marginally correlated with 
PCLvol (R=0.525, p=0.065) but not correlated with display complexity (R=0.22, 
p=0.469). We calculated the marginal means of brain size from a general linear model 
(GLM) with log-transformed PCLvol (µ3) as the dependent variable, species as a fixed 
factor (n=13), and log-transformed NTn-PCLvol(µ3) as a covariate. In GLM, the 
covariate must not be correlated with the independent variable (species), thus; the GLM 
is run first with the interaction term, this being non-significant (F(12,38)=0.491,p=0.884), 
the GLM is run again without the interaction term. The resulting marginal means were 
used in subsequent analysis as our measure of PCL-size-adjusted relative PCLvol. 
Similarly, we also obtained mean residuals from a least squares regression analysis, 
PCLvol regressed on nucleus taeniae volume minus Purkinje cell layer volume (NTn-
PCLvol), to obtain residual PCLvol. For completeness, we ran these same analyses using 
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body mass (g) and CB-PCLvol (µ3) as covariates and found results and interpretations 
unchanged (data not shown). 
  
Interrelationships Among Brain Regions 
To examine relationships among CB variables and other brain regions, we 
examined the pairwise correlations between CBvol-PCLvol, PCLvol, PCnum, and PCvol 
and body mass (g) other brain regions measured previously (Lindsay, et al. 2015; Pano, 
2015, see table 3). All region volumes and body weight were log transformed. 
  
Relationship of PC variables to Display Complexity 
We ran independent regressions of adjusted and residual PCLvol on display 
complexity (see table 4).  In addition, the solution to the scaling debate seems to use both 
raw volumes as well as adjusted and residual values to help interpret the full biological 
significance of relationships and to examine cell counts rather than volumes to 
understand how brain regions’ processing power relates to behaviors. Thus, we also 
regressed PCLvol, PCnum and PCvol on display complexity being mindful of our smaller 
sample size for estimates of cell number and cell volumes (see table 4). 
 
Phylogenetic Correction 
Because species can not be considered independent variables, one must adjust for 
the phylogenetic relationships among species. While we have not yet performed a 
phylogenetically corrected analysis for our PC variables, previous examination of 
phylogenetically corrected and uncorrected relationships has not altered the statistical 
significance nor the interpretation of relationships (see table 5). Thus, we expect to find 
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similar results for PC variables in relation to other morphological measurements and 
related to complexity. This is, with the exception of PCnum as the species that falls 
furthest from the regression line is the ochre-bellied flycatcher (see figure 6), the least 
related to the other species. 
 
Relationship of all brain region variables to Display complexity 
 
Our full data set (see table 3) includes a number of variables that are highly 
intercorrelated. While this is somewhat to be expected with brain regions if allometric 
scaling rather than mosaic evolution is the principal force shaping growth, it is very 
unusual to see brain region variables that are related to behavior. These interrelationships 
also make it difficult to create models of the best predictors of complexity. In addition, it 
is necessary for models to be adjusted for phylogenetic relationships, which adds 
computational difficulties for modeling to concerns related to meeting the mathematical 
assumptions of models. However, given that phylogenetic signal has been relatively weak 
in previous models and with some cautions as to our methods for making variables more 
independent of one another, we ran a series of stepwise regressions to determine which 
variables would enter into a model of predicting display complexity. We subtracted for 
each brain region volume the volume of other brain regions contained with in the region. 
For example, since arcopallium, and cerebellum were in the model, we would subtract 
from whole brain volume the volume of both of these regions. Given all the difficulties 
already expressed with traditional methods for adjusting for body size, we did not attempt 
to enter adjusted values in our regressions. While we do not consider these analyses to be 
definitive, they offer preliminary models of variables that best predict display 
complexity.  We ran three stepwise regressions. The first included all variables that are 
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related to complexity (see table 6). In the second, we removed one body size measure, 
tarsus cubed.  In the third, we removed body mass, so that the model no longer included a 
measurement of body size.  In the last regression, we examined only measurements of 
brain regions. See table 6 for stepwise regression results. 
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Results 
PC variables showed no intercorrelation among any measured brain variables. 
Purkinje cell layer volume had no significant relationship with display complexity, but 
when Purkinje cell layer volume was removed from cerebellar volume (CBvol-PCLvol), 
a positive relationship with PCLvol was observed (see Table 3 for statistical results). 
Correlation analysis showed that Purkinje cell number was positively related to display 
complexity upon exclusion of the MIOL outgroup. We present results of correlation 
analyses in table 3 and figures 5-7 and results of the regression analyses in tables 4-6. 
Regression analysis against display complexity of variables that have been 
phylogenetically corrected is presented in table 5.   
 
 
Table 3: Correlations between PC variables, Display Complexity, and Brain Regions 
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*Correlation is significant at .05 level 
**Correlation is significant at .01 level 
R values represent the strength of correlation between variables, ranging from -1 to 1. P 
values represent significance of relationship, with p<0.05 representing a significant 
relationship. Highlighted cells with black borders are relationships between PC variables 
and display complexity, highlighted cells with red borders are relationships between 
covariate nucleus taeniae and display complexity and Purkinje cell layer volume.  
 
 
 
Figure 5: Correlation Analysis of Purkinje Cell Layer Volume vs. Display Complexity 
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Figure 6: Correlation of Purkinje cell number vs. display complexity including MIOL 
outgroup. Figure 7: Correlation of Purkinje cell number vs. display complexity excluding 
MIOL outgroup.  
 
 
Table 4: Regression of Purkinje Cell Variables with Display Complexity  
 
 
We first found correlations between PCvol, PCLvol, PCnum, and display 
complexity. In the correlation between PCnum and display complexity, the MIOL 
outgroup fell off the line of best fit between PCnum and complexity. Because the MIOL 
outgroup was an outlier from the regression line, a regression was run excluding MIOL. 
Upon running a regression without MIOL, a large difference in the significance of the 
relationship between PCnum and display complexity was found (R2=0.871, p=0.007) 
despite the fact that removing a sample reduced our power. With the regression, we ran 
casewise diagnostics to find that MIOL is over one standard deviation outside of the 
residuals for other species. Relationships between complexity and other CB variables and 
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between CB measurements and other brain and body measurements changed very little 
when we excluded the MIOL outgroup, with none that were previously significant 
becoming insignificant, with the exception of one that was marginally significant 
(probably due to the loss of power). 
 
Table 5: Phylogenetically corrected regression of brain components and display 
complexity 
 
 
After variables were phylogenetically corrected, there was not a difference in 
which relationships were significant and which were not, suggesting that after 
phylogenetic correction, Purkinje cell relationships will remain the same. This is with the 
exception of the PCnum. Once phylogenetically corrected, the relationship between 
PCnum and display complexity may change from marginally significant (p=0.08) to 
significant (p<0.05). 
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Table 6: Stepwise Regression of Variables Positively Related to Display Complexity 
 
 
 Initially, all variables with a positive relationship with display complexity were 
included in stepwise regression, resulting in tarsus as the strongest predictor of display 
complexity. For modeling the second stepwise regression, tarsus was excluded, and body 
weight was observed to be the second strongest predictor. For the third regression, both 
tarsus and body weight were excluded, and arcopallium value was observed as the next 
strongest predictor of display complexity.  
  
 
 
 
 
 
 
 
 
 
Figures 5-7: Correlation Analyses of Purkinje Cell layer volume, Purkinje cell number 
with MIOL outgroup, and Purkinje cell number excluding MIOL outgroup vs. display 
complexity. Species data points are labeled with 4-letter abbreviations of species name 
(LECO=L. coronata, CHPA=C. pareola, COGU=C. gutteralis, DIPI=D. pipra, 
MAVI=M. vitellinus, LESU=L. suavissima, CHLA=C. lanceolata, CECO=C. cornuta, 
CEME=C. mentalis, MACA=M.candei, COAL=C. altera, XEAT=X. atronitens, 
MIOL=M. oleagineus)  
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Discussion 
Among the 13 species examined for Purkinje cell layer and 6 species examined 
for Purkinje cell volume, we found that there was no relationship between Purkinje cell 
volume or Purkinje cell layer volume and display complexity. In a focal subset of 6 
species, we found that, once the outgroup was removed, the Purkinje cell number, but not 
Purkinje cell volume, increased with increasing display complexity. These results support 
previous studies that found positive relationships between display complexity and brain 
weight, body weight, tarsus size, arcopallium volume, and cerebellar volume (Lindsay, et 
al., 2015; Pano, 2015; Helmhout, 2016). Because the cerebellum plays a prominent role 
in coordinated movement and has a known positive relationship with display complexity, 
we tested for a positive relationship between one of the measured Purkinje cell layer 
variables and display complexity. While our study was limited to the Purkinje cell layer, 
and the cerebellar cortex also consists of the molecular and granular layer, we are able to 
discuss the possible implications of the role the remaining layers of the cerebellum play 
as a whole by subtracting the Purkinje cell layer volume from total cerebellar volume.  
The Purkinje cell layer volume showed no relationship with display complexity, 
PCvol, or PCnum. Because there was no relationship between PCLvol and PCvol or 
PCnum, this leads us to believe that the Purkinje cell layer volume possibly expands by 
increasing space between Purkinje cells or increasing glia within the layer. Once the 
PCLvol was removed from the total cerebellar volume, a positive relationship was found 
between CBvol-PCLvol and PCLvol.  The remaining layers in the cerebellar cortex, the 
molecular and granular layer, both play important roles in signal processing. Granular 
cells receive most of the input of the cerebellum (Sultan, et al., 2007). They act with the 
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Golgi, stellate, and basket cells to provide inhibitory regulation of Purkinje cells (Albus, 
1971; Voogd, et al., 1998).  This finding implies that, while cerebellar cortex output is 
important, the cerebellar processing of signals may play a more important role in 
manakin display production. 
Purkinje cells are the sole output of the cerebellar cortex, and receive excitatory 
input from two sources: parallel fibers and climbing fibers (Konnerth, et al., 1990; Devi, 
et al., 1016). While Purkinje cells can receive input from upwards of 80,000 parallel 
fibers (Konnerth, et al. 1990), they have a known small ratio with climbing fibers in 
which only one or two synapse with each Purkinje cell (Devi, et al., 2016). This 
relationship raises the possibility that the positive relationship between Purkinje cell 
number and display complexity may serve to accommodate for increased excitatory 
signals from climbing fibers while maintaining the small synapsing ratio.   
In determining measurement methods for Purkinje cell morphology, we decided 
to perform measurements uniformly across the entire cerebellum instead of measuring 
Purkinje cells per folia. While it was previously thought that each folia played a distinct 
role in display production, it was found that the neuroanatomical relationship of specific 
folia to behaviors is unlikely to be consistent across species when the number of folia 
varies within species (Wilkening, 2011). This leads us to believe that individual folia 
either have little importance in display production, or that certain folia may have a 
distinguished relationship between number of Purkinje cells and either brain weight or 
display complexity. 
Cerebellar regions, however, have a known role in manakin display production 
and pose an interesting area for future studies. The cerebellum is divided into three 
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regions: anterior, posterior, and vestibular. Each region plays a distinct role in manakin 
display production: the anterior cerebellum controls the hindlimbs, the posterior 
cerebellum controls flights, and the vestibular region impacts balance (Iwaniuk 2006b, 
2007; Whitlock, 1952). Studies of Purkinje cell density in these different regions may 
lead to interesting findings on the importance of cerebellar output in each region.  
As previously stated, we have found that cerebellar volume increases in tandem 
with display complexity (Pano, 2015). Our results show that this relationship is preserved 
in CBvol-PCLvol, whereas Purkinje cell layer volume does not preserve this relationship. 
These results suggest that either Purkinje cell layer volume is less relevant to manakin 
display production than the rest of the cerebellum, or that cerebellar regions work so in 
concert in display production that the relationship to complexity cannot be detected in 
individual layer measurements. The positive relationship between CBvol-PCLvol and 
display complexity also raises the possibility that there is a lack of allometric scaling 
among layers within the cerebellum. This possibility leads us to ask: are we observing is 
a lack of relationship between Purkinje cell layer volume and complexity, or are we only 
seeing a positive relationship with CBvol-PCLvol because it is so closely related with 
variables that are already known to have a positive relationship with display? 
Future studies of Purkinje cell morphology and display complexity will aim to 
further quantify the relationships between cerebellar components and display complexity 
by counting and measuring the cells of the granular and molecular layer in the cerebellar 
cortex, as well as counting and measuring the deep cerebellar nuclei. Because a known 
numerical relationship has been established between Purkinje cells and the deep 
cerebellar nuclei on which they project, we expect that with our finding of a positive 
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relationship with Purkinje cell number and display complexity, there will also be a 
positive relationship between deep cerebellar nuclei number and display complexity. It 
has been previously found that the different types of deep cerebellar nuclei: dentate, 
interposed, and fastigial, show different efferent projection patterns (Asanuma, 1982). It 
is of interest to determine which type of deep cerebellar nuclei have a relationship with 
Purkinje cell number and also with display complexity. Obtaining this information will 
allow us to further understand what neural and motor pathways are strongly influencing 
mating display complexity in Manakins. 
Future analyses will be performed to determine which variable is the most 
important in manakin display production. We have a large data set with many 
measurements of brain regions- five of which have shown to have positive relationships 
with display complexity. Of the variables with a positive relationship with display 
complexity, brain weight, body weight, tarsus size, arcopallium volume, cerebellar 
volume, and Purkinje cell number, we hope to find out which is most important by using 
a multivariate model to analyze relationships (Lindsay et al., 2015; Pano, 2015; Day, et 
al. 2016; Helmhout, 2016).  
While this study lacks complete measurement of cell count and cell volume in 
many subjects, and lacks analyses that require a larger sampling number, its results are 
still important. The finding that Purkinje cell number has a positive relationship with 
display complexity shows us that cerebellar output is important in manakin display 
production, and that the number of cells rather than a volume measurement of the whole 
layer or the volume of the cells is what drives the positive relationship between cerebellar 
volume and display complexity.  
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